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RESEARCH COMNITTEE 
ON THE HARDENING, ETC., O F  STEEL. 

FINAL REPORT ON EXPERINENTS 
BEARING UPON T H E  QUESTION O F  T H E  CONDITION 

I N  WHICH CARBON EXISTS I N  STEEL. 

BY SIR FREDERICK ABEL, C.B., D.C.L., F.R.S., 
HON. MEM. ISSTS. C.E. AXD RLE., PAST-PRES. C.S., 6c. - 

I n  the Report which was submitted to the Institution in January 
1883, on experiments carried out with very thin discs of steel, it  was 
ahown that the results obtained appeared to confirm the correctness 
of the conclusion based upon the earlier experiments, that the carbon 
in cold-rolled steel exists in the form of a definite iron carbide, 
approximating to the formula Fe, C or to a multiple of that formula, 
and capable of resisting the oxidising effect of an agent which exerts 
R rapid solvent action upon the metal through which this carbide is 
distributed. 

It was stated that Mr. Paget had been so good as to provide 
several series of discs of steel, some of which had been hardened, 
while others had been annealed under different conditions there 
specified; these discs, which were 2 . 5  inches in diamcter and 
0.01 inch thick, were in the first instance examined in the hope that 
definite information might have been obtained in respect to thc 
extent to which the proportion of total carbon in thin pieces of 
steel might undergo modification during the processes of annealing 
and. hardening, as usually practised. 

The process by which the samples of steel wero examined has 
been described in detail in tho Report of 1883. After the 
examination of some of i~ series of unnumbered discs as received 
from cold rolling, described as being prepared from one and the same 

 at University of Bath - The Library on June 5, 2016pme.sagepub.comDownloaded from 

http://pme.sagepub.com/


JAS. 1888. COXDITION OF CARBON IN STEEL. 31 

lot of metal as that used in the preparation of the annealed and 
hardened discs, the carbon-determinations in the latter were proceeded 
with ; but, after a considerable number of results had been obtained, 
the singularity of some of the numbers made it seem probable that 
there mas variation in the amount of total carbon in the cold- 
rolled discs, and therefore also in the original discs used in the 
production of the differently treated qecimens, which should have 
been uniform in composition. Un returning to the cold-rolled 
discs, and analysing the whole, or the majority of them, i t  was found 
that variations, in some instances considcrable, existed in the amount 
of total carbon in these. This circumstance unfortunately much 
diminishes the value of the results furnished by these series of discs ; 
but, as some points of interest remain, the numbers obtained are 
given. 

SERIES A. 
‘6 As received from cold rolling ”-three discs, not numbered, 

contained respectively total carbon 1.066 %; 1.215 % ; 1.061 %. 
6‘ Three discs annealed in one lot,’’ between two black wrought-iron 

plates placed in a wrought-iron box inside a cast-iron box, the q a c c  
between the boxes packed with burnt soot, kept a t  a red heat about 
an hour, and left about 36 hours to cool (arranged between the 
two plates in the order as they ars numbered). The total carbon in 
disc No. 3 was l - l G l % ;  disc No. 2 contained 1.018%. 

“Three discs made red-hot between two black cast-iron plates and 
hardened in water.” PJot numbered. One disc contained 1.2357; 
of carbon. 

( 6  Threc discs made red-hot between two black cast-iron plates 
and hardened bctwem planed cast-iron plates.” Not numbered. 
One disc contained 1 * 130 :i of carbon. 

SERIES F. 
6‘ Six  discs as received from cold rolling.” Not numbered. Five 

discs examined mere found to  contain 1.076, 1.083, 1.225, 1.222, 
1.073% of carbon. 

6‘ s ix  discs annealed by placing them between two blocks of fire- 
clay, these being placed in a cast-iron box and the space between 
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them packed with calcined magnesia.” The  discs were arrangcd 
between the blocks in the order as numbered. 

A disc with no visible figure, but which must havc been No. 2 cr 
EO. 6 of this lot, contained 1*0580!; disc No. 3 contained 1*2760/,; 
disc No. 4 contained 1.088% of carbon. 

SERIES B and C. 
Fourteen Discs described as all having been cut from the same strip. 

Series 3.--“ Seven annealed in one lot  between two mrought- 
iron plates planed and cleaned; in other respects the same as  
Series A.” Arranged between the two plates in order as numbered. 
Disc No. 1 (next the wrought-iron plate) contained 0.821%; disc 
No, 4 (the middle disc) contained 0.882 % of carbon. 

Series C.-“Scven annealed in one lot between two cast-iron 
plates planed and clcaned ; in other respects the mmc as Series 8.” 
Arranged in order as numbered. Disc 14 (next the cast-iron plate) 
contained 1.152 % of carbon. 

If all the discs were really from the samc lot of steel, and (in 
this point Mr. Paget’s statement was positive, i t  would almost seem 
as if the sheet had been rolled from an ingot with a nuclcns richer in 
carbon than the exterior portion. 

In Series B a loss of carbon, due to annealing between mrought- 
iron plates, may be inferred with great probability : an effect already 
indicated by the results described in the Report of Jnnuary 1883. 

I n  Series A it seems probable that both series of the discs 
annealed between wrought-iron plates, which have been analysed, ha? 
fallen about 0.05% carbon; namely from 1.215 % in the richer coltl- 
rolled discs to 1 .161  % in the corresponding annealed spccirnens, 
and from about 1*0640/, t o  1.018%. But this cannot be inferred 
with certainty, on account of the diversity in composition exhibited 
by the cold-rolled discs. 

The employment of fire-clay blocks nnd calcined xnagnesia- 
packing in the annealing of the discs in Series F was suggested as 
a substitute for the wrought-iron plates and soot, both of which, with 
very thin pieces of steel, might give rise to  a change in the amount 
of carbon. From the varying percentage of carbon in the cold-rolled 
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discs of Series F, one cannot be certain with which of them the 
annealed discs should be compared ; but those containing 1 * 058 % 
and 1 088 % of carbon had probably been derived from cold-rolled 
discs poorest in carbon, such as those containing 1 * 076 and 1 * 083% 
of carbon respectively. The annealed disc containing 1.276 % of 
carbon had probably been derived from a richer disc, such as those 
containing 1.225% or 1-222 % ; or it may have been derived from 
a specimen still richer in carbon. The use of fire-clay plates and 
calcined magnesia might be worthy of a more careful trial, with 
provision for the absorption of the atmospheric oxygen in the 
heating box, otherwise than by using soot. 

Before giving the details of work done in continuation of that 
already reported on, I take this first opportunity of noticing some 
results obtained by Dr. F. C. G. Muller, who called my attention to 
them in June 1883. They are contained in a paper on the LLGerman 
Bessemer Process,” which appeared in the “ Zeitschrift des Vereines 
deutscher Ingenieure,” XXII. 385, year 1878. I n  this paper he 
describes residues of undissolved carbide of iron (“ amorphous 
iron”) which, like Karsten, he obtained by the action of dilute acids 
on stecl. 

Dr. Muller treated Bessemer steel in the cold with dilute 
sulphuric acid (one of acid to five of water), little more than the 
calculated quantity having been employed. The acid was allowed to 
act for 12 hours, the undissolved residue was then filtered off, 
suitably washed, and dried in a dish on the steam-bath in a current 
of coal-gas. In  the black residue thus obtained (which Dr. Miiller 
found to be pyrophoric) the carbon was estimated. I n  six preparations, 
he found numbers for carbon ranging from 6.01  to 7.38 %, from 
which Dr. Miiller regards his ‘‘ amorphous iron ” as being probably 
Fe,C. I n  these preparations a very large quantity of the total 
carbon must have been converted into hydrocarbons ; as, calculating 
from the numbers given in the five cases, only 53, 73, 41, 19, 50 % of 
the total carbon in the steel were obtained in the amorphous iron. 

In the experiments reported on to the Institution in January 1883, 
a mixture of bichromate of potassium and sulphuric acid WBB used, 
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the oxidising chromic acid enabling one to work with weaker sulphuric 
acid without fear of uncombined metallic iron being able to resist the 
double attack, while the chromic acid to a large extent prevents 
the formation of hydrocarbons, by greatly diminishing the formation 
of hydrogen. I n  preparations with three different strengths of 
chromic solution, 85, 90, and 9 1  per cent. of the total carbon in tho 
steel were obtained in the respective residues of carbide; results 
which have been confirmed by tho more recent experiments, in 
rcspect of the annealed or cold-rolled steels examined. The close 
approach of Dr. Muller’s sulphuric acid resiches to the composition 
Fe3 C is very interesting as a testimony to the existence of such 8 

compound, additional to that afforded by the Report of January 
1883; and I gladly take this opportunity of calling attention 
to Dr. Mullcr’s results, which would not have escaped me, had 
they appeared in a publication having greater currency among 
chemists. 

The investigation of tho main subject-the Condition in which 
Carbon exists in Steel-wns continued by experiments similar to those 
described in the Report of January 1883. Those were conducted 
with one kind of steel in one condition ; and showed that, when tho 
steel was acted upon by a solution (bichromate of potassium solution 
plus sulphuric acid) containing more than enough of acid to dissdvo 
its iron, together with combined oxygen which was able greatly to 
diminish the formation of hydrogen, about 90 per cent. of the total 
carbon was left in combination with iron as an insoluble iron carbide. 
The ratio of sulphuric acid to bichromate of potassium was kept 
constant, the proportion of bichromate in the solution being varied. 
Three experiments showed a good agreement, both in the amount of 
carbide left by solutions containing varying quantities of chromic 
acid, and in the composition of these carbides; the fourth cxperimcnt 
showed that there was a limit to the stability of the carbide. 

I n  the experiments now to be considered, the result of varying the 
ratio of the sulphuric acid to the bichromate was first tried; and 
then, for the remaining solutions, one uniform ratio (equal weights). 
between the sulphuric acid and bichromate was maintained. 
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The steel operated on and its condition were also varied. The 
steel used for the experiments described in the last Report had been 
fused; and the condition in which several cold-rollings, with 
annealing between the rollings, would leave it, would not be very 
definite, but nearer to that of annealed than of hardened steel. I n  
the present experiments the behaviour of an unfused cemented steel 
was tried, first as received from cold-rolling, then as annealed and 
hardened, and in the condition of straw- and blue-tcmper. Other 
annealed and hardened plates from fused steel were also examined ; 
and finally experiments were made with a series of straw- and 
blue-tempered discs from fused steel, which had been kept at  the 
corresponding temperatures for a short and for a long time. 

The numbers obtained are put together in the accompanying 
Table (facing page 48), and t o  a great extent explain themselves ; 
but a short description of the mode of experimenting and of the 
material used may be desirable. 

Method of Experimenting.- The experiments were conducted 
very similarly to those of the last Report, except that the support,s of 
platinum gauze on which the steel then rested mere now replaced by 
perforated gloss vessels, to meet a point raised by Professor Hughes 
as to a possible objection to the employment of platinum in the acid 
solution in which the steel was immersed. These perforated glass 
vessels were supported immersed in the upper part of the acidulated 
chromic solution, contained in a capacious beaker. The weighed 
portion of steel (previously cleaned with emery, then with cold ether, 
and wiped) mas dipped into the solution and taken out and stroked 
while moist with the finger until action bcgan, then dropped on to 
the glass sieve in the liquid. Solution proceeded rapidly, ferric and 
chromic sulphates streaming to the bottom of the beaker, and the 
fresh chromic solution taking the place of the reduced portion, I n  
the case of hardened steel, solution was attcndcd with a rather 
considerable evolution of hydrogen ; in the case of annealed steel the 
evolution of gas was slight, but continuous. The solution of 
uncombined iron was probably in all cases complete within 24 hours ; 
the glass sieve was rinsed into the liquid, the latter stirred up, and 

L 2  
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left for another 24 hours. The liquid was then decanted on to a 
filter, and the heavy insoluble deposit slightly washed with water 
by decantation; some fresh chromic solution was added to it, 
and they were left together, with occasional shaking round, for 
at  least another 24 hours. The liquid was then decanted on to 
a filter, the deposit thoroughly washed with water by decantation, 
afterwards transferred to a small porcelain vessel, washed once with 
cold alcohol, twice with cold ether, dried in vacuo over sulphuric 
acid, and weighed until constant. All the liquids were passed 
through filters, on which a small quantity of carbide remained ; the 
iron in this was estimated, and the amount of carbide thus ascertained 
was added to the main quantity. The carbide being heavy, the 
quantity on the filter was always quite a small proportion of the 
whole. 

If it had been possible, the steel would have been treated with 
the chromic solution for one day, the liquid stirred up and left for 
one day, and the insoluble matter treated with fresh chromic solution 
for one day; in some cases however, the claims of other work 
protracted the total time of treatment to a week. But in all 
instances, if two or more kinds of steel were being compared, the 
comparative experiments were all started at the same time, and 
carried on in the same way. The uncombined iron was apparently 
in all cases almost wholly dissolved by the first quantity of chromic 
solution, the second portion showing to the eye but slight signs of 
reduction. 

There was at first, during solution, a small rise of temperature ; 
in all but the very first experiments, the beakers were placed in cold 
water during the first night. 

The chromic solutions were prepared from cold saturated solutions 
of bichromate of potassium ; they were not of one strength however ; 
in  some cases cold nights brought salt out of solution, and in the 
earlier solutions, which were prepared by allowing hot solutions 
of bichromate to cool down, it was found that more salt crystallised 
out than was compatible with a saturated condition of the cold 
solution. These variations in strength presented however no 
disadvantage, the yield of carbide not being directly affected by 
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them. The amount of bichromate of potassium in each cold 
solution having been estimated, the desired quantity of pure strong 
sulphuric acid was added, and the aciduIated solution left until the 
next day. 

As the amount of free sulphuric acid present in the solutions 
affects greatly the yield of carbide, i t  was desirable, at least in the 
later experiments, to avoid the presence of unreasonably Iarge 
quantities thereof. The number given in the Table under the head 
of “free sulphuric acid sufficient for dissolving grammes iron” was 
calculated on the supposition that all the bichromate was converted 
into chromic acid and neutral sulphate of potassium, and that all the 
sulphuric acid remaining was used in the conversion of iron into 
ferric sulphate, and in the formation of chromic sulphste from the 
reduced chromic acid. Thus :- 
( a )  E, Cr, 0, + .a, SO, = 2 Cr 0, + K, SO, +H,O. 
(b)  Fe,+2 CrO,+6 H,SO,=Fe, (SO,),+Cr, (S0,),+6 H,O. 

By equation a, 1 gramme of sulphuric acid is required for every 
3 grammes of bichromate of potassium. By equation b, 1 gramme 
of iron requires 5 * 2537 grammes of eulphuric acid. The quantities 
of sulphuric acid required by a and b were combined in calculating 
the amount of iron which the acidulated chromic solution could 
dissolve. 

As a matter of fact, these solutions are able to dissolve more 
iron than this calculated amount. This is partly due to the escape of 
some hydrogen, which, as it does not reduce chromic acid, causes a 
smaller quantity of sulphuric acid to be required for the formation 
of chromic sulphate ; possibly also, in solutions of the strengths 
used, all the bichromate is not converted into chromic acid, some 
sulphuric acid being hence saved on equation a. Several of the 
solutions, after having dissolved all the free iron of the steel, were 
tested as to their power of dissolving more iron, and found still to 
possess solvent power. 

In  all the experiments, the reduced chromic solutions were clear 
and bright, showing no signs of the presence of basic sulphates; 
this fact, combined with the ability of those reduced solutions so 
tested to dissolve more iron, and with the slight reduction only of 
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the second portion of chromic solution used, affords ample guarantee 
of the presence of sufficient sulphuric acid in the solutions. 

The data of the four solutions used in the experiments of tho 
Report of January 1853 are re-calculated on the basis of equations 
u and B, and are given at the foot of the Table. 

The  Analysis of the Carbide.-The carbide, after drying at 
ordinary atmospheric temperature ovcr sulphuric acid in vacuo, was 
weighed in a porcelain boat and analysed by direct combustion in 
oxygcn in the usual manner ; the amount of oxide of copper being 
diminished as far as was prudent. Although the oxide was invariably 
heated to redness before use, the procesg of combustion always 
furnished traces of water, from other sources than from the carbide. 
A blank combustion was made, when the drying-tube increased in 
weight 0.0052 gramme, and the apparatus for absorbing carbonic 
acid increased only 0.0005 gmnime. The above amount of water 
(0.005% gramme) is deducted in the numbera, representing the 
amount of water, included in the Table under the head " analysis of 
the carbide " ; although it may not be strictly accurate to deduct this 
quantity in all cases, it is believed that the results are brought nearer 
the truth by so doing. 

The heating with hydrochloric acid was performed as stated in 
the last Report. 

With the exception of one or two darker preparations, which 
subsequent examination showed to be partly decomposed, all tho 
carbides obtained were grey-black heavy powders, not at all pyrophoric 
at ordinary temperatures. 

The first experiments were made with unfused Cemented (L) 
Dannemora steel, which was supplied by Messrs. Wilson and Co. 
I t  was in one long strip, 0.01 inch thick, about 23 inches broad, 
more than 1 lb. i n  weight, and was as left by the cold rolling. 

Some of the strip was used for experiments 1 t o  5, then B 

portion was used for analysis; and another estimation of carbon 
was made in a second portion before cutting off the steel for 
experiment 7. 
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The original steel contained :-total carbon, 0.941 z; silicon, 
0.006 %; manganese, 0.009 %. The total carbon in the second 
portion was 0.913 %. 

Digested with hydrochloric acid until solution of the iron, and 
the insoluble matter treated as usual, there was obtained of carbon 
unconverted into hydrocarbons (uncombined carbon ?) 0.018 per 
100 of steel. This should have been taken into account in the 
corresponding percentages given by the carbides, but to avoid 
complication this was not done. With this steel as received, 
experiments 1 to 6 were made ; the numerical details of the solutions 
used, and of the percentages and composition of the insoluble 
products obtained, are given in the Table. The following are some 
additional particulars of these six experiments, which were made 
between October and December 1883. 

Experiment l.-Not specially cooled ; the first portion of chromic 
solution was allowed to act for four days, the second portion for two 
days. 

Experiment 2.- Not specially cooled ; two days and two days 
respectively. 

Experiment 3.-Cooled in water during the first day ; do. do. 
Experiment &.-Not specially cooled ; two days and three days 

respectively. 
Experiment 5.-Not specially cooled ; two days and two days 

respectively. 
Experiment 6.-Same as experiment 5. The first portion of 

chromic solution used for experiment 6 was examined, after it had 
done its two days’ work, to see if i t  could dissolve more iron. Two 
grammes more of the same steel were dissolved up (except the 
usual black powder) within 24 hours. 

The products of experiments 2, 3, and 4, though expressed as 
carbide obtained, are obviously decomposed carbides ; they were 
darker in colour, and less strongly attracted by the magnet, than the 
other products. The number for ‘‘ percentage of total carbon in the 
steel obtained as carbide” is too favourable in these cases ; the actual 
carbide is given better by the percentage of iron in these insoluble 
products. 
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Experiments 2 and 3 show that the carbide of iron is readily 
decomposed by a large excess of sulphuric acid in the solutions (at 
any rate in presence of chromic acid), the percentage of the steel’s 
total carbon obtained in the insoluble residue being very greatly 
reduced, and the residue being really a very much decomposed 
carbide (consisting of carbide and hydrate of carbon). Experiment 4 
shows that simply diluting a chromic solution which contains an 
excessive quantity of sulphuric acid does not give a greatly improve3 
result in the total obtained, but causes less decomposition of the 
carbide. The intermediate solution of experiment 5 has given a 
result intermediate between 3, 3, 4 and experiments 1 and 6 ; and 
the good results with the solutions of experiments 1 and 6 show that 
equal weights of bichromate and sulphuric acid can be used without 
appreciable decomposition of the carbide of iron. Experiment 6 shows 
that a large excess of such acidulated chromic solution, in respect of 
the steel taken, can be used without detriment to the percentage of 
carbon obtained as carbide. 

I n  all the solutions used in the following experiments, equal 
weights of bichromate and sulphuric acid were employed. 

Annealed and Hardened Steel.-Eight pieces (each weighing 
7 to 8 grammes) were cut o f f  the above strip of Cemented (L) 
Dannemora steel ; Mr. Paget had four of these annealed in fire-clay 
blocks and magnesia, and four hardened between planed cast-iron 
plates. Two of the anqealed plates were cut into halves ; two halves 
(a half of each plate) were used for the total carbon estimations, and 
two halves for the solvent treatment ; and similarly with two hardened 
plates. 

The  annealed steel contained 1.015 %, the hardened 0.995 % of 
total carbon. 

Three pairs of experiments were made with these preparations ; 
the numerical results are given as experiments 7, 8, 9, 10, 11, 1 2  in 
the Table. Experiments 7 and 8 were done in March ; 9 and 10 in 
June ; and none of those four liquids was cooled. 

In experiments 7 and 8, the first portion of chromic solution was 
allowed to act for three days, the second portion for three days. In 
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experiments 9 and 10 the first treatment was continued for three days 
and four days respectively. 

Experiments 11 and 12 were made in November ; the liquids were 
cooled by water during the first 15 hours, in which time the greater 
part of the work of solution is accomplished. The first portion of 
chromic solution WRS allowed to act for four days, the second portion 
for one day. 

These details are given because the three pairs of experiments 
agree very well both in amount of carbide and in the composition of 
the carbide from the annealed steel, while there were considerable 
variations in the conditions of the experiments. The agreement in 
the amount of carbide obtained in experiment 7 (12.8 %), with the 
12.5 % furnished by the much stronger (in chromic acid) solution of 
experiment 9, is of importance in connection with the experiments 
with tempered steel. The three small quantities of carbide from the 
hardened steel were strongly attracted by the magnet ; there was not 
enough for a satisfactory analysis. The first portion of chromic 
liquid of experiment 7, and that of experiment 8, after they had done 
the work of solution, were tried with two grammes of the original 
cold-rolled steel to see if they ware still able to dissolve iron ; after 
a lapse of two days t,he steel was found in both cases to havc 
dissolved up (except the usual amount of carbide). 

Experiments 13 and 14  were made with discs of Mr. Paget’s 
Series F, mentioned in the annealing &c. experiments in the 
commencement of this Report. The halves of three discs were 
taken for each experiment, the other halves were used for estimation 
of total carbon. In the case of the annealed specimens this estimation 
was lost; and the mean percentage of carbon in  the three discs 
previously examined (1.140) had to be taken. The hardened halves 
contained 1.093 % of carbon. The experiments were made in 
cool meather, the liquids were not specially cooled, and in both 
experiments the two portions of chromic solution were allowed to act 
each for three days. The agreement between the numbers for 
carbide obtained, &c., and those furnished by the other experiments 
with annealed and hardened specimens is very satisfactory, but the 
sum of the percentages is surprisingIy low ; however, the important 
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numbers for carbon, for water, and for carbon not converted into 
hydrocarbons, agree well with the numbers given by the other 
annealed steels. The result of the analysis made with the product 
from the hardened steel is satisfactory, in that it shows this product 
to be undecomposed carbide. 

Tempered 8teeZ.-Twelve discs of tempered steel were prepared 
by Mr. Pagot; they were cut from the strip of Cemented (L) 
Dannemora steel already examined ; each was 23 inches diameter. 
They were hardened, and six tempered blue and six straw. The 
blue discs were of very even colour, the straw discs showed some 
blue colour on one side. The halves of three discs were used for 
experiment 15, and the other three halves for carbon estimation ; 
and similarly for experiment 16. The straw contained 0.928 %, 
the blue 0.917 % of total carbon. 

Experiments 15 and 16  were made in early summer, and'the 
solutions were not specially cooled ; the two portions of chromic 
solution acted for three days and four days respectively in both 
cases. 

In  the repeat experiments, Nos. 17 and 18, the weather was cooler, 
the solutions were cooled in water during the first night, and the 
time in both cases was three days and one day. Less carbide 
however was obtaiced in these experiments than in 15 and 16 ; it  is 
not easy to see why, other conditions having been favourable to 
a contrary result. The smaller yield may have been owing to the 
larger amount of sulphuric acid in the solution, in consequence of 
the greater strength in bichromate of the original liquid; yet, as 
experiment 9 shows, this was not seriously injurious in the case of 
annealed steel. A lower yield of carbide from blue- than from 
straw-tempered steel was also not expected; the ratio of 1 to 2 
approximately is maintained however in the pairs of experiments. 
I t  is against probability that the blue-tempered should give less 
than the straw-tempered; but it appears very possible that the 
hotter blue discs may in some way have been chilled on removal 
from the tempering-bath, considering the small weight and large 
surface of the very thin discs operated upon. These experiments 
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are given principally to illustrate the results of analyscs of 
the carbide of experiments 15 and 16;  they show very slight 
decomposition. 

These experiments 
were made with 24 discs of Fused steel ; they were 0 * 01 inch thick, 
2& inches diameter, and had been cut out of one and the same strip 
of steel. They wero tempered by Mr. Pnget to straw- and blue- 
temper, having all been heated between red-hot cast-iron plates, and 
hardened between cold cast-iron plates, as usual. 

Six of the discs were tempered to a straw colonr by immersion in  
a bath of molten metal for 15 minutes, and six were also tempered 
to a straw colour by exposure in a hot chamber for about 6 hours ; 
two batches of six viere tempered blue by similar treatment. All 
the discs showed a very uniform distribution of colour. This 
series of discs was asked for, in the hope that they might furnish 
more definite results than the other specimens of tempered steel; 
and also to see whether the prolonged tempering, which Mr. Paget, 
from practical experience, believes to favour toughness and durability 
of tcmper, causes any chemical change. As usual, the halves of 
three discs were used for the estimation of total carbon, while the 
other halves were used for experiments 22 and 23. “Straw, hot 
chamber, 6 hours,”gave 1 - 148 %; and ‘‘ blue, metal bath, 15 minutes,” 
gave 1.120% total carbon. The steel also contained 0.161% silicon 
and 0.169 % manganese. 

Three sets of four experiments were made with this batch ; in all 
cases the solutions were cooled in water during the first half-day’s 
treatment. The time of action of the two portions of chromic 
solution was the same for each set of four exporiments (about three 
days and three days respectively), and very nearly tho same for the 
whole of experiments 19 to 34, except the two repeat experiments 
with “ blue, 15 minutes ” (Nos. 31 and 32), when the total time of 
treatment was shortened to four days. 

All the solutions used for these experiments were of very nearly 
the same strength in chromic acid. Experiments 30 and 34 also 
were satisfactory 8s evidence that the addition of water to  the 
solutions aid not affect the yield of carbide. 

Experiments 19 to 34.-Tempered steel. 
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The discs were divided with a pair of hand-shears, and i t  was 
observed that, of ‘‘ straw, tempered in metal bath, 15 minutes,” five 
discs were hard and brittle, giving a jagged edge, while the sixth 
cut soft and with a smooth edge. All the other eighteen discs, namely 
those of ‘‘ straw, 6 hours,” and also those of ‘( blue, 15 minutes ” and 
“blue, 6 hours,” are noted as being under the shears hard and brittle. 

A separate experiment was made with a hard half-disc and with 
a soft half-disc of ‘Lstraw, 15 minutes” (experiments 20 and 21), 
but thc same percentage of carbide was obtained. 

The analysis of the carbides from the two kinds of blue-tempered 
steel, and from the two kinds of straw-tempered stcel, experiments 
25 to 28, showed them to have very nearly the same composition, 
and to approximate closely to that of the carbide from annedcd 
steel. The result of analysis of carbide from “blue, 15 minutes,” 
experiments 31 and 32, showed that slight dceomposition had taken 
place. There was not material enough for heating these preparations 
with hydrochloric acid. 

The yield of carbide from “straw, 15 minutes” was well 
maintained, in all the experiments, at about 5 . 1  %. The first number 
obtained for carbide from “straw, 6 hours” (experiment 22) was 
2 .52  %, which is inexplicable ; but higher and fairly concordant 
results were furnished by the other three experiments (Nos. 26, 29, 
and 30), the numbers being 5.30 %, 5 * 66 %, and 5 .52  %, and giving 
a mean of about 5 . 5  %. I n  the case of c L  blue, 6 hours,” the low 
number 4-61%, obtained in experiment 24, may be set aside, as 
experiments 28, 33, and 34 all gave higher and concordant results, 
the numbers being 6 - 66 %, 6 * 60 %, 6 * 76 % respectively, and giving a 
mean of 6.7 %. In the case of ‘‘ blue, 15 minutes,” a11 four 
experiments (Nos. 23, 27, 31, 32) gave low percentages-2.37%, 
3 a 02 x, 3 * 05 %, 3 * 14 % ; the mean of the last three gave 3 * 1 x. This 
result with ‘‘ blue, 15 minutes ” is difficult to be understood, unless it 
be that these discs became accidentally chilled on removal from the 
metal bath. 

Had these tempered steels behaved like annealed steel in leaving 
90 % of their total carbon a8 a carbide of iron, containing 7 % carbon, 
the yield of carbide would have been 14.5  %. 
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As regards the composition of the carbide, tho analyses of 
carbides from the cold-rolled and annealed steel show great 
uniformity in composition, in those cases where the yield of carbide 
had been large. Where the yield of carbide was highest, the 
percentage of iron in the carbide is highest, and carbon and water 
lowest. The tempered steel, having its carbon in a state intermediate 
between that of hardened and of annealed steel, gives a mixed result, 
as regards the comparison of carbide obtained per 100 of steel with 
the percentage composition of that carbide. The mean composition 
of the carbides obtained in the best experiments is given in the 
following statement, which includes the mean of the three given in 
the Report of January 1883 :- 

Water. Carbon. Iron 
Cold-rolled Stcel. Mean of experiments 1 aid 6 . 0'93 6.92 92.77 % 
Annealed Steel. Meanof experiments7,9, and 11 1.32 7.04 91.80 

} 2.28 7.23 89.92 
Tempered Steel. The 4 kinds of blue and straw. 

. 

. 2.09 7.12 90.87 Cold-rolled Steel, January 1883. 
Mean of experiments 25, 26, 27, and 28 

Mean of Preparations 1 to 3 I ' * 

Although some portion of the water (less than 0.93%) in the 
carbide may be there as mechanically retained moisturc, there seems 
no doubt that the greater part of it is preseut as a constituent of a 

carbo-hydrate which is a product of decomposition of the carbide, 
as this increase in the proportion of water is attended by an increase 
of carbon and a decrease of iron. (Compare experiments 2,3, and 5 . )  
While the carbon not converted into hydrocarbons by heating with 
H C1 gives a very valuable indication of the extent of decomposition 
of the carbide of iron, it would not be safe in the case of the purer 
specimens of carbide to deduct the whole of this unhydrogenised 
carbon, as it  is very possible that even a perfectly pure carbide 
might, on digestion with dilute H C1, have a small proportion of its 
carbon hydrated by the water, while almost the whole was converted 
into hydrocarbons by combination with hydrogen. (Compare the 
behaviour of silicon in iron; with a weak affinity for  hydrogen, it is 
readily converted into a hydrate of silica when the iron is treated 
with aqueous acid.) 
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It will bc seen that the averages above given of the composition 
of thc carbides afford further support to the statement made in the 
last Report, that the carbide of iron, freed from exceEs of metallic 
iron, has the composition Fe, C,  or is a multiple of it. That 
formula requires 6 * 67 % of carbon and 93.33 % of iron ; regarding the 
carbides analysed as slightly decomposed specimens of the true 
carbide, the best of them approach it satisfactorily in composition. 

The specific gravity is added of some of the specimens of carbide, 
and of the steel from which they had been preparcd ; the amount of 
matcrial in the case of the carbides did not pcrmit a greater degree of 
accuracy than about one-hundredth. 

Cemented (L) Dannemora Steel. 

Speeijc Gravity at G O O F .  (TTute~ at 603 F. = 1.00). 

7.75 Carbide from the cold-roIled steel . . 6.9 

{:;:;I : ;:: l The steel as received 
from cold rolling 

The steel annealed 7.67 Carbide from the annealed stecl 
The steel hardened 7’64 

There remains to be mentioned one other point of iniportancc. 
I n  estimating the total carbon in the steels, they were treated with 
chloride of copper, which, when properly used, thoroughly removes 
the iron, and leaves the carbon as a black hydrate. Differences 
in the appearance of this “carbon” mere noted, according to the 
condition of the steel. Thus, in estimating the total carbon in thc 
steels of thc annealing &c. experiments, given at the beginning of this 
report, it was noted that the ‘: carbon” left by the chloride of copper 
treatment on a disc of Series A, hardened in water, was in large 
pieces as though it had been a continuous plate; one of the pieces 
had the circular edge of the disc. The same appearance was 
presentcd by the ‘‘ carbon” from a disc of Series A, hardencd 
between planed cast-iron plates. 

In the case of a disc of Series A, and one of Series F, as received 
from cold-rolling (the steel being annealed between the rollings), it 
was noted that the ‘‘ carbon” was left as a fine powder. Nore 
recently, in making for this Report total carbon estimationp in steel 
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in different conditions, it  was noted that the c c  carbon ” was left by 
the chloride of copper treatment in the following conditions :-by 
one cold-rolled steel, in a powdery form; by two annealed steels, in 
powder ; by one hardened steel, in plates and bulky ; by another 
hardened steel, in large flat pieces or plates ; by a straw-tempered 
steel, in bulky plates ; by a blue-tempered steel, in bulky plates. 

These observations appear entitled to consideration in any attempt 
to form an opinion on the general question of the condition in which 
carbon exists in steel, of a particular composition but in different 
physical conditions. They may perhaps be regarded as an indication 
that a further elaboration of this subject might lead to the discovery 
of some simple chemical treatment of specimens of steel, capable of 
identifying a connection between their physical characteristics and 
comparatively slight variations in the condition in which the carbon 
and possibly other normal steel-constituents exist in the metal. 

Concbsions.-The results of the experimental work described in 
the foregoing, and in  the two preceding Reports, appear to warrant 
the following conclusions in regard to characteristics, recognisablc 
by chemical examination, which are exhibited by different portions 
of one and the same sample of steel presenting marked physical 
differences consequent upon their exposure to the hardening, 
annealing, or tempering processes. 

(1.)-In anneaIed steel, the carbon exists entireIy, or nearIy so, 
in the form of a carbide of iron, of uniform composition (Fe, C or 
a multiple thereof), uniformly diffused through the mass of metallic 
iron. 

(2.)-The cold-rolled samples of steel examined were closcly 
similar in this respect to the annealed steel, doubtless because of 
their having been annealed between the rollings. 

(3.)-In hardened steel, the sudden lowering of the temperature 
from a red heat appears to have the effect of preventing or 
arresting the separation of the carbon, as a definite carbide, from the 
mass of the iron in which it exists in combination; its condition 
in the metal being, at any rate mainly, the same as when the 
steel is in a fused state. The presence of a small and variable 
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proportion of Fe, C in hardcned steel is probably due to the 
unavoidable and variable extent of imperfection, or want of 
suddenness, of the hardening operation; so that, in some slight 
and variable degree, the change due to annealing takes place prior 
to the fixing of the carbon by the hardening process. 

(4.)-In tempered steel, the condition of the carbon is intermediate 
between that of hardened and of annealed steel. The maintenance of 
hardened steel in a moderately heated state causes a gradual separation 
(within the mass) of the carbide molecules, the extent of which 
regulated by the degree of heating, so that the metal gradually 
approaches in character to the annealed condition ; but, even in the 
best result obtained with blue-tempered steel, that approach, as 
indicated by the proportion of separated carbide, is not more than 
about half-way towards the condition of annealed steel. 

(5.)-The carbide separated by chemical treatment from blue- 
and 'straw-tempered steel has the same composition as that obtained 
from annealed steel. 

It does not appear that this enquiry can be further extended with 
the prospect of obtaining any additional facts-elucidating the 
condition of the carbon in steel exhibiting various physical 
characteristics-the value of which mould bear any proportion to tho 
very laborious nature of the necessary experimental work, which has 
to be conducted with small quantities of material on account of the 
necessity of carrying out the annealing, hardening, and tempering 
processes with very thin pieces of steel. 

I believe i t  will  be admitted that, although the data obtained 
have not led to the discovery of a ready chemical method of 
differentiating between different degrees of temper in steel (a method 
of examination which Professor Hughes's interesting results have 
almost rendered unnecessary), they have at any rate contributed 
to the advancement of oiir knowledge of the nature of steel. 

I n  conclusion, it is my pleasing duty once more to refer in well 
earned terms of commendation to the skill and perseverance with 
which M'r. W, H, Deering has carried out the difficult and arduous 
experimental work involved by this investigation. 
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Discussion. 
The PRESIDENT said the meeting had just-listened to a very 

valuable Report from Sir Frederick Abel; and he thought they 
would admit that they did not yet know all about steel. Perhaps 
Mr. Paget, whose name had been frequently mentioned in the 
Report, and who had provided the steel which had been experimented 
upon, would make some remarks. 

Mr. ARTHUR PAGET observed that Sir Frederick Abel appeared 
to be a little disappointed at the seeming irregularity of some of 
the pieces of steel which had been cut from one and the same lot. 
This he regretted, but he could assure Sir Frederick Abel and the 
meeting that those pieces had really been cut from the same lot that 
he had himself received. He had got them from a steel-manufacturer 
in  Birmingham, who had devoted a great deal of trouble and time 
to producing steel for him, not at all with a view to chemical 
analysis or experiments, but simply as cxcessively thin pieces of 
steel rolled to within a limit of 5-10,000ths of an inch for accuracy 
of thickness. This was done almost as a favour in regard to the 
very great pains taken for obtaining the desired accuracy in 
thickness. He believed the Birmingham maker did his best to 
secure that the lot sent should all be taken from the same steel ; but 
he could readily understand that, in the many processes of rolling 
required to reduce the ingot to the thickness of a sheet of paper, it  
was possible the lots might have got mixed. He could say however 
that they had not been mixed at his own works, because it so 
happened it was the only lot of plate of this thickness that he had in 
the works at thc time. 

I n  regard to the other difficulty mentioned in thc Beport, which 
would stand in the way of prosecuting enquiries further, owing to 
the supposed necessity of dealing with such exceedingly thin pieces 
of stcel, it  seemed to him there was perhaps a little misconception, 
because as far as he was concerned there was no difhulty on that 
score; he could just as readily deal with thicker pieces in the 
hardening and annealing processes. But the Research Committee, 

M 

 at University of Bath - The Library on June 5, 2016pme.sagepub.comDownloaded from 

http://pme.sagepub.com/


50 CONDITION O F  CARBON I N  STEEL. JAN. 1885. 
(ah. Arthur Paget.) 
under whose auspices these experiments had been conducted, thought 
that the thicker the steel the greater was the danger that there might 
be an absolute and perceptible difference of temper between the 
interior of the disc and the exterior. If  Sir Frederick Abel thought 
that any difficulty could be obviated by the use of thicker pieces of 
steel, he was quite prepared as far as hardening and tempering went 
to take any thickness that was considered better ; and if there was 
anything he could do in helping to prosecute the enquiry further, he 
should be exceedingly glad to do it. He desired to express his great 
regret that, owing to the unavoidable change of the evening for the 
discussion of this Report, Professor Hughes was prevented from 
being present to give his opinion on tho matter from a mechanical 
or electrical point of view. Professor Hughes had attended the 
meeting of the Research Committee on the previous day, and had 
said that, as far as he could judge, any experiments which he 
could conduct for the Research Committee would in the main 
confirm the results now arrived at by Sir Frederick Abel in the 
Report just read. 

Mr. EDWARD REYNOLDS was sorry he was not at all prepared to 
enter upon the purely chemical question treated of in tho Report, 
which, however interesting, went but a very little way towards 
helping engineers out of the difficulties that they practically met 
with-difficulties with which he knew Sir Frederick Abel was 
himself constantly grappling :-namely, the differences that existed, 
not only in different pieces of steel (which it was not easy to avoid), 
but in the same piece of steel. Plenty of physical reasons could be 
found for such differences ; but he was afraid that chemical knowledge 
would do very little towards helping engineers out of their difficulty. 

Mr. W. H. DUGARD observed that the first report of the Research 
Committee on Steel (Proceedings, Oct. 1881, page 693) had concluded 
with a memorandum of three directions in which further investigation 
appeared to be needed. The third of those was to ascertain whether 
them was any connection between Chernoff‘s theory and Norris’s 
observations on the contraction and expansion of wires. Ho should 
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like to know whether anything had been done to ascertain that, or 
whether i t  was proposed to do so in future. From what he had seen 
of Professor Norris’s observations, these would appear more likely 
to lead to useful practical results. The conclusions arrived at by 
Professor Norris from the behaviour of steel wires were, in the first 
place, that so-called ‘‘ kicks,” or temporary contractions during the 
heating and expansions during the cooling of the steel wires, afforded 
a measure of the hardening capacity of the steel ; and also that the 
extent and intensity of those kicks were exactly in proportion to the 
hardness, very hard steel or steel hardened in  mercury giving the 
largest amount of temporary contraction or expansion, while annealed 
steel gave the smallest amount. The amplitude of the kicks varied 
in proportion to the degree of hardness imparted to the steel during 
the act of cooling. I t  had also been found chemically by Professor 
Norris that very hard steel mould dissolve in sulphuric acid withont 
leaving any residue whatever, while annealed steel left a residue of 
carbon exactly in the form of the original piece of steel, or as it 
were a skeleton of it, and according to the different degrees of 
hardness so the amount of the residue varied. This line of research 
he thoughti if pursued mould be likely to afford a ready means of 
testing the capacity of various kinds of steel for hardening. On D 
previous occasion (Proceedings, April 1882, page 146) he had 
already had the pleasure of drawing the attention of the Institution 
to the paper communicated by Professor Norris to the Royal Society 
in 1877, and to the diagrams which Professor Norris had then 
allowed him to bring to London for the inspection of the Committee 
or of members interested in the research. If it  was proposed to 
pursue the investigation which the Research Committee had initiated, 
he thought this was a direction in which i t  was most probable that 
useful information could be obtained. 

With regard to the possibility mentioned by Nr. Paget, that the 
thin steel supplied to him might have got mixed before reaching his 
works, he wished to say that as the cold-rolling of steel was a 
branch of his business, should any further samples be required, he 
should be very pleased to supply them and to undertake that they 
should not be mixed during the cold-rolling. 

M 2  
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Mr. ARTHUR BARCLAY said there was no more important use for 
steel than the tools which were used in fashioning materials ; and 
after they were shaped they were all tempered to the desired quality 
by observation of the temper-colours. Sir Frederick Abel had 
carried out experiments with steel which had been tempered to a 
variety of colours ; could he say exactly what the temper-colours in 
steel were? Had the colour substance, or was i t  simply an optical 
effect? He also wished to know within what limits of carbon or 
other alloy of iron these temper-colours appeared. I t  seemed to him 
the temper-colours were dependent on at least thrce factors :-there 
was the material of the steel, there was the heat, and therc was the 
temper which varied with the heat and with the material. With 
respect to  the colours could Sir Frederick Abel say it would be 
desirable that experimcnts should be made to obtain complete and 
reliable results? In  the tables found in metallurgical works and 
text-books, the temper-colours were sometimes referred to the 
melting-point of other metallic alloys. The colour varied within 
very narrow limits of heat, perhaps ten degrees centigrade. But 
those tables differcd amongst themselves to the extent of fifteen and 
twentydegrees. Some of thc newer books repeated the account of 
crude experiments published even as long ago as 1815 ; a good deal 
had been done since then, and he should be glad to know more 
about this matter. 

Mr. I. LOWTHIAN BELL said that, not being a practical steel- 
maker, he did not feel himself competent to say much on the 
question ; but an observation had been made by Mr. Reynolds from 
which he must dissent altogether. He was not prepared to say 
whether the paper by Sir Frederick Abel as i t  now stood was 
calculated to afford steel-makers all that help which they might wish 
to  obtain; but when a fear was expressed that chemical knowledge 
would do very little to help them, he must entirely demur to any 
such prediction. He would congratulate the Institution on having 
had the advantage of listening to the Report which had been read. 
Anyone who had had experience in the analysis of iron or steel, 
with a view to draw any general deduction in the masterly way that 
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Sir Frederick Abel had done, must know what an immense amount 
of labour and thought must have been entailed in the compilation of 
this Report. To himself it was a matter of very great interest 
indeed to hear from Sir Frederick Abel so very clear an exposition 
of the condition under which carbon appeared to exist in steel. 
Instead of steel being a kind of irregular compound, the property of 
hardening and of tempering seemed in point of fact to be dependent 
on the greater or less quantity of a definite compound of iron and 
carbon, dissolved as it were through the mass itself; and that 
compound Sir Frederick Abel had determined to be in the proportion 
of three equivalents of iron to one of carbon, which indicated 
by calculation a compound containing 6 * 67 per cent. of carbon. He 
had himself performed a good many experiments to endeavour to 
determine the condition of carbon in cast-iron, because, as was well 
known, carbon in that compound was found not only in different 
proportions but in two different conditions-graphitic carbon, and 
combined carbon ; and he had ascertained that these two conditions 
could be changed from one to the other. If he was not mistaken, 
he remembered mentioning a circumstance to Sir Frederick Abel, 
which at the time seemed to interest him, The circumstance was 
that fusion was not required in order to alter the composition of 
the mass. On one occasion he had taken B disc of malleable iron 
containing a mere trace of carbon, and had its surface planed and 
polished ; and also a similar disc in point of size and dimensions, 
made of cast-iron, which was also planed and polished. These two 
discs were then screwed together, and enveloped in a mass of molten 
cast-iron so as to exclude if possible all atmospheric influences. By 
atmospheric influences he meant the atmosphere of the furnace in 
which they were immersed. They were kept there for different 
periods from a weekto four weeks ; and he had found that, without 
there being the slightest trace of fusion, the carbon from the cast-iron 
had passed as it were into the disc of malleable iron. He simply 
mentioned this because Sir Frederick Abel’s Report had spoken of 
experiments in which steel discs had been placed between wrought- 
iron plates. He wished t o  ask Sir Frederick Abel whether he 
was satisfied that a portion of the difference observed might not 

 at University of Bath - The Library on June 5, 2016pme.sagepub.comDownloaded from 

http://pme.sagepub.com/


54 CONDITION OF CARBON IN STEEL. JAN. 1885, 
(nh. I. Lowthian Bell.) 
be due to the wrought-iron plates (between which the steel discs 
had been placed) having carried off from the steel a certain portion 
of carbon. 

With regard to the irregularity of composition of steol referred to 
by Mr. Paget, this did not surprise him in the least. He had 
frequently analysed the same mass of cast-iron, and large ingots of 
steel ; and it was exceptional to find a perfectly uniform composition 
in the mass. There was frequently a greater or less quantity of 
carbon in one part than in another, a greater or less quantity of 
manganese, and a greater or less quantity of silicon. 

I n  conclusion he would remark that they were now just entering 
as it were on the threshold of this question, and they should hail 
with gratitude any contribution which the labours of scientific men 
might afford to them, in order that they might obtain inforniation 
on which they could proceed-not in the rule-of-thumb mode which 
formerly had been the invariable practice, he would not say of 
Bteel-makers, but of iron-manufacturers generally,-and investigate 
the nature of these compounds by a diligent study of their 
composition and all their qualities. 

Mr. ARTHUR PAGET mentioned that in connection with Sir 
Frederick Abel's present Report an experiment had been tried in 
the direction indicated by Mr. Bell, and it was rather a curious 
and instructive one. Seven of these thin discs had been bolted 
together between a cast-iron plate on the one side and a wrought-iron 
plate on the othcr side, and the whole had been kept heated to a 
good red heat short of fusion in the furnace for somewhere between 
twenty-four and thirty-six hours. On taking them out, and judging 
by the hardening, tempering, bending, and such practical tests, he 
had been satisfied as a practical engineer, not as a chemist, that there 
was a somewhat regular gradation in quality between the seven discs. 
The one nearest the cast-iron was most steely, while the one nearest 
thc wrought-iron was least steely, and they followed a somewhat 
regular gradation from the first disc to the seventh. I f  he 
remembered rightly, Sir Frederick Abel's very valuable assistant, 
Mr. Deering, had made some experiments which confirmed this. 
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TIr. I. LOWTEIAN BELL said that entirely agreed with what might 
be expected. His own wrought-iron plate had been in one piece, 
about half an inch thick. It could not melt, because it was put in 
the fire-place of one of the hot-air stoves supplying a blast-furnace, 
and where the heat was l o t  sufficient to fuse it. On taking it out 
he had had a series of layers planed off it, each about 1-32nd of an 
inch in thickness. These were then analysed, and, as might have 
been expected, the portion nearest the cast-iron was much richer in 
carbon than the portions that followed, and at last ii, ended in there 
being no sensible increase in the quantity of carbon. At the same 
time the trials were made not only for carbon, but for phosphorus 
and silicon ; and though occasionally there were slight differences, 
yet they were so slight that he had set them down rather to  
experimental crror than to any real differcnce. 

Mr. T. EDWARD VICKERS pointed out that, if i t  were not for the 
fact just referred to-that wrought-iron, or steel containing little 
carbon, would take carbon from harder or more highly carbonised 
material under the conditions described,-it would not be psssible to 
carry out the old process of cementing steel, nor the converse process 
of making malleable iron from cast-iron castings. 

Sir FREDERICE ABEL said Mr. Vickers had very truly remarked 
that the observations referred to  by Nr. Bell and Mr. Paget lay at  
the root of the cementing, case-hardening, and other analogous 
processes. The facts referred to  by those gentlemen had been borne 
out by the results obtained from the examination of the discs of steel 
which had been annealed between wrought-iron and cast-iron plates, 
as he had endeavoured to point out in this Report. I n  the use of 
wrought-iron plates there was undoubted evidence of removal of 
carbon from the steel; while on the other hand when using cast-iron 
there was undoubted evidence of the addition of carbon. The  
amount of carbon was not actually large, but was large comparatively, 
that was transferred to or from the steel by simply heating at a 
temperature considerably below fusion, between either cast-iron or 
wrought-iron plates. About twenty-five years ago he had had 
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occasion to make experiments with a view to ascertaining whether 
he could discover a ready means, by simple treatment with acids, 
of distinguishing between annealed and hardened wires, or of 
distinguishing different degrees of annealing or hardening of wires ; 
and he obtained results very similar to those described by Mr. 
Dugard as having been obtained not long since by Professor Norris : 
results which, when the Committee were in a difficulty in regard 
to the direction in  which they should work, had led him to hope 
that possibly by pursuing a similar line of research he might hit 
upon a simple chemical method by which differences of temper in 
different pieces of steel might be ascertained. I t  was that hope 
which had led him to take up the research which had branched 
away from his original point; and i t  was only incidentally that 
he had referred to the various mechanical or physical conditions in 
which the carbon of annealed, hardened, and tempered steel was left 
after treatment by acid solvents, as indicating that some method of 
that sort might perhaps still be hoped for, if the investigations were 
continued. He regretted that his own numcrous duties-professional, 
scientific, official -rendered it impossible for him to carry out 
to a further extent these extremely laborious investigations. He 
did think it might be desirable however that any gentlemen who 
combined chemical with ncetallurgical knowledge should pursue 
experiments on the foundation of the reports presented by the Steel 
Committee, and endeavour to elaborate still further the indications 
there given of possible differences which might be discovered by 
comparatively simple means between steels in different conditions of 
temper. 

As regarded the nature of the colours produced by different 
tempers, he was sorry to say that up to the present time the 
knowledge on this point was extremely small. There was no doubt 
that some minute film was produced on the surface. The treatment 
of the surface with acid removed the colour immediately; but the 
film was so minute that it would be necessary to operate upon 
very large quantities indeed, and even then there could not be 
any certainty that the action of the solvents on the iron beneath 
the minute film would not altogether disguise the results obtained 
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by the solution of the film itself. Therefore he feared that, from a 
chemical point of view, there was little chance of light being thrown 
on the nature of different films that indicated different degrees of 
temper. I t  was sad for him as a chemist to  have to confess that 
up to the present time chemical knowledge was very restricted in 
its operation in this direction. He only hoped, with Mr. Bell, that, 
88 they were still only on the threshold of this subject, perseverance 
in connection with these investigations might in course of time, 
especially if taken up by various workers, lead to fruitful results. 

The PRESIDENT said that the Report to which they had just 
listened was one of which the Institution of Mechanical Engineers 
might well be proud. He therefore moved that the best thanks of 
this meeting be given to Sir Frederick Abel for his most valuable 
Report. 

The vote of thanks was carried unanimously. 
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